Across metazoa, surfaces for respiratory gas exchange are diverse, and the size of those surfaces scales with body size. In vertebrates with lungs and gills, surface area and thickness of the respiratory barrier set upper limits to rates of metabolism. Conversely, some organisms and life stages rely on cutaneous respiration, where the respiratory surface (skin, cuticle, eggshell) serves two primary functions: gas exchange and structural support. The surface must be thin and porous enough to transport gases but strong enough to withstand external forces. Here, we measured the scaling of surface area and cuticle thickness in Antarctic pycnogonids, a group that relies on cutaneous respiration. Surface area and cuticle thickness scaled isometrically, which may reflect the dual roles of cuticle in gas exchange and structural support. Unlike in vertebrates, the combined scaling of these variables did not match the scaling of metabolism. To resolve this mismatch, larger pycnogonids maintain steeper oxygen gradients and higher effective diffusion coefficients of oxygen in the cuticle. Interactions among scaling components lead to hard upper limits in body size, which pycnogonids could evade only with some other evolutionary innovation in how they exchange gases.
Background
Understanding how and why rates of oxygen consumption scale with body size is a critical question in integrative biology [1, 2] -because body size and metabolic rate play such central roles in physiology, ecology and evolution. One approach to understanding the scaling of organismal traits is to examine how they emerge from the scaling of, and interactions among, lower-level traits [3] . Here we do so for a form of respiratory exchange widely used by aquatic and marine organisms (cnidarians, nemerteans, poriferans, plethodontid salamanders, etc.)-cutaneous gas exchange. This mode is readily modelled using the Fick equation [4] , which describes the flux of oxygen across a barrier and, as we describe below, provides a simple, powerful framework for integrating the lower-level traits that influence rates of gas exchange. We examine this problem using sea spiders (Pycnogonida), a diverse and basal clade of arthropods. Our results indicate that respiratorystructural trade-offs play critical roles in the evolution of gas exchange across body sizes. In addition, the scaling of the underlying Fick components suggests physiological limits to upper body size in sea spiders. While most marine arthropods possess specialized respiratory structures, which help them minimize or negate respiratory constraints on their cuticle, sea spiders rely exclusively on cutaneous gas exchange [5] , yet still span a wide range of body sizes. Largebodied individuals may face particularly difficult trade-offs, as their cuticle must withstand external forces while permitting sufficient gas exchange.
In all animals, oxygen moves across respiratory barriers by diffusion, which can be modelled using Fick's law [4, 6] . Fick's law states that the flux of oxygen ( J, mmol s
21
) across a barrier depends on the barrier's conductance (G, mmol s 21 kPa
) and the driving gradient for oxygen transport across it & 2017 The Author(s) Published by the Royal Society. All rights reserved.
(specifically, the gradient in partial pressure, DPO 2 , kPa) [7] :
Conductance is thus a measure of how rapidly oxygen moves across a material given a difference in partial pressures. Whole-animal conductance is proportional to the surface area of the respiratory barrier (A, cm 2 ), the diffusion coefficient of oxygen in the material (D c , cm 2 s
), the capacitance coefficient of the medium (b, mmol cm 23 kPa
) and it is inversely proportional to the barrier's thickness (x, cm) [7] :
The capacitance coefficient describes the increase in oxygen concentration per unit increase in partial pressure [7] . The capacitance coefficient is governed by physical properties and varies based on type of medium (i.e. air, freshwater, saltwater) and temperature of the medium. Substituting equation (1. 2) into equation (1.1) gives the flux of oxygen as:
ð1:3Þ
To sustain aerobic metabolism, the flux of oxygen must on average match its consumption by metabolism. If the metabolic rate rises transiently higher than the flux, then internal PO 2 will decline. When internal PO 2 declines too severely, metabolic rate will subsequently decline or the animal must switch over to anaerobic processes. Alternatively, if the metabolic rate falls below the flux, then internal PO 2 will increase. The DPO 2 between organism and environment will then decrease, until the flux once again balances the metabolic rate.
The relationship between oxygen flux and metabolic rate in vertebrates, including both endotherms and ectotherms, was recently analysed by Gillooly et al. [8] . They examined the size-scaling of both oxygen consumption and oxygen flux, which they defined as diffusive transport of oxygen across respiratory barriers (gills and lungs). Relationships between body mass and respiratory variables are typically described by the power law Y ¼ aM b , where Y is a respiratory variable, M is body mass, a is the normalization constant and b is the scaling exponent [9, 10] . The scaling of oxygen consumption in endotherms and ectotherms (b ¼ 0.75 and 0.84, respectively) was closely matched by the scaling of diffusive oxygen flux (b ¼ 0.79 and 0.82, respectively) [8] . In addition, the 30-fold higher rates of oxygen consumption by endotherms were accommodated by 30-fold higher rates of flux, indicating differences in the normalization constant a [8] .
These findings allowed Gillooly et al. [8] to estimate how the scaling of oxygen flux emerges from the underlying Fick components. Gillooly et al. simplified this problem by leveraging prior results showing that D c , b and DPO 2 are independent of body size (b ¼ 0) [11, 12] , leaving just respiratory barrier thickness (x) and respiratory surface area (A) as potential controls on overall flux. In both endotherms and ectotherms, thickness scaled with a low coefficient (b ¼ 0.1 and b ¼ 20.04, respectively) and surface area with a high coefficient (b ¼ 0.89 and b ¼ 0.78, respectively), such that A/x scaled as b ¼ 0.79 and b ¼ 0.82, respectively, very close to the observed scaling exponents of metabolic rate. Whether the conclusion, that respiratory surface area and barrier thickness entirely explain the scaling of flux, is broadly applicable across animals is unknown. In contrast to most vertebrates, which possess respiratory organs (gills and lungs) whose central function is gas exchange, many animals, particularly marine invertebrates, exchange gases directly across their cuticle or skin, a process called cutaneous gas exchange or 'skin-breathing', or across the eggshells in many egg-laying animals [13, 14] . In cutaneous respiration, the cuticle or eggshell must allow adequate gas exchange while still providing structural support, and there is an apparent trade-off between these demands. The surface must be thin or porous enough to permit the diffusion of gases, and the cuticle or eggshell must protect the animal from predators and pathogens, and provide structural resistance to external forces [15] [16] [17] . This trade-off has also been hypothesized to exist in vertebrates, as the respiratory barrier must allow gas exchange but also be strong enough to prevent damage from different physical stresses (e.g. changes in gas pressure or surface tension) [6] . However, these internal barriers generally do not experience forces that are as large or as rapidly applied as those experienced by external structures (e.g. high current, grasping predators, crushing forces) and the trade-off may therefore not be as severe.
The conflicting demands of skin-breathing may fundamentally change how the components of Fick's law scale with body size. Perhaps the best-studied example of cutaneous respiration is that of vertebrate and invertebrate eggs. In eggs of most species, oxygen diffuses through air-filled pores in the eggshell [15, 18, 19] . Eggshell thickness and surface area scale (b ¼ 0.46 and 0.66, respectively) with mass [20, 21] . These scaling coefficients differ from those found by Gillooly et al. [8] for the scaling of respiratory surface area and barrier thickness in vertebrates, probably reflecting that eggshells both exchange gases and provide structural support. In further contrast to adult vertebrates, the combined scaling of eggshell surface area and thickness is insufficient to explain the scaling of avian embryonic metabolism (b ¼ 0.73) [22] . To meet this mismatch, pore area scales hypermetrically (b ¼ 1.24) [20] . A high scaling coefficient of pore area is effectively similar to a high scaling coefficient of the effective diffusion coefficient (D, equation (1.3)), as a greater pore area allows for greater diffusion of oxygen by increasing the air-filled spaces in which oxygen can move easily. Therefore, an increase in pore surface area helps offset thicker shells and permits the higher oxygen conductance needed to meet the metabolic demands of larger embryos [9, 20] .
Here we use Antarctic sea spiders (class Pycnogonida) (figure 1), a group of arthropods that rely entirely on cutaneous respiration, to test whether the scaling of metabolic oxygen flux is controlled by just surface area and thickness (electronic supplementary material, figure S1a) or by simultaneous scaling of some or all the remaining Fick parameters. Sea spiders lack specialized respiratory structures such as gills, and rely instead on trans-cuticular diffusion of oxygen, probably via pores [5, 23] . Like eggshells, the structure of pycnogonid cuticle reflects an evolutionary and functional compromise between gas exchange and structural support: the cuticle must be porous enough to allow in sufficient oxygen but strong enough to prevent buckling. Within the constraints of this trade-off, how do pycnogonids match flux capacity to metabolic rate across body sizes? Body sizes of Antarctic pycnogonids range from approximately 1 cm to approximately 70 cm across all lineages [5] . We envision multiple alternatives that could achieve this matching (electronic supplementary material, figure S1). We limit the full range of possibilities by first characterizing the size-dependence of the two parameters, A and x, that are most likely to be constrained. Because the shape of sea spiders does not change radically with size, we rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171779 expect that A scales with geometric isometry (b ¼ 0.66). This prediction is supported by an earlier study of Antarctic sea spiders [24] . We also predict that cuticle thickness, x, scales with geometric isometry (b ¼ 0.33), because larger-bodied individuals will need more reinforced legs to handle larger forces. (Note that this is the key point of divergence from thickness of vertebrate respiratory surface, b ¼ 0.1 [8] .) If the structural variables scale this way, then A/x scales as b ¼ 0.66 2 0.33 ¼ 0.33, which is far lower than any expected scaling of metabolic rate. Electronic supplementary material, figure S1b-d lays out alternative ways that sea spiders could make up the difference.
In addition to measuring the scaling of oxygen consumption, we also measured the scaling of surface area, cuticle thickness, oxygen gradient across the cuticle and the functional diffusion coefficient of oxygen through sea spider cuticle, which allowed us to estimate the total flux of oxygen across cuticle (using a derivative of Fick's law, equation (1.3)). These factors were measured in 12 species of Pycnogonida from five families.
Methods
Sea spiders were collected by diving using SCUBA in McMurdo Sound, Antarctica (77885 0 S, 166884 0 E) in October and November 2015 and 2016. Seawater temperatures averaged 21.88C. Animals were kept in seawater tables 1 -28C above ambient seawater temperatures and used within two weeks of collection. Scaling analyses were conducted on 12 Antarctic species (electronic supplementary material, tables S1-S3). Species representatives were identified on the basis of morphology and confirmed using DNA barcoding and published sequences. We used the DNeasy kit (Qiagen, Inc., Valencia, CA, USA) to extract DNA from an approximately 1 mm 3 piece of the dactyl of one leg of each individual pycnogonid. Samples were incubated overnight with 5 ml of proteinase K in a heated (568C) shaking block (900 r.p.m.). Seven hundred and twelve base pairs of the mitochondrial cytochrome oxidase-1 (CO1) gene were PCR-amplified from the extracted DNA using the jgHCO2198 and jgLCO1490 primers of [25] . Reactions were composed of 9.5 ml dH 2 O, 12.5 ml Taq 2X Ready Mix (Bioline, Taunton, MA, USA), 1 ml of each 10 mM primer and 1 ml of genomic DNA. The amplification cycle consisted of an initial denaturing step at 948C for 1 m, followed by 30 cycles of 948C for 1 m, 488C for 1 m and 728C for 1 m. PCR products were cleaned by incubating with exonuclease I and shrimp alkaline phosphatase (New England BioLabs, Ipswich, MA, USA) at 378C for 30 m. Approximately 600-650 bp were then sequenced from each primer by Sanger sequencing at the Advanced Studies in Genomics, Proteomics, and Bioinformatics core facility, University of Hawai'i at Mānoa. Complementary sequences were aligned in Geneious 9.1.5 (Biomatters Ltd., Auckland, NZ). Each consensus sequence was rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171779 compared with available GenBank sequences using the BLASTN search routine implemented with default parameters in GenBank.
(a) Oxygen consumption
Rates of oxygen consumption were measured using an oxygen optode system (2-channel FireSting, PyroScience) with temperature-compensation and closed-system respirometry. Chambers were custom-milled from blocks of nylon. Chambers were built in pairs whose volumes were matched to the size of each sea spider measured (9, 17, 70, 292 and 3650 ml; all volumes measured gravimetrically as the difference between mass with and without freshwater), and each chamber had a Teflon-covered magnetic stir bar, shielded with a small housing made of PVC and Nitex mesh to protect the sea spider. During runs, the chambers were held in 5-l baths of water set on top of magnetic stir plates. Initial dye tests showed that water in the chambers was fully mixed in 20-30 s. The sensor spot of the optode system was fixed with silicone glue to thin (less than 2 mm) glass discs, which were sealed to the tops of the chambers with rubber gaskets and held in place with screw-down Plexiglas tops.
Metabolic measurements were made in a cold room with mean temperature 21.18C (range 21.7 to 20.68C). In most runs (35 of 38), the chambers were run in pairs, with one blank and the other containing a sea spider. To set up a run, fresh seawater was bubbled with air in the cold room for 6-12 h. Optodes were calibrated at the beginning of every run by immersing them for 5-10 min in the bubbled water and recording the air saturated raw values from both sensors. The bubbles were then turned off and the chambers loaded entirely underwater with its stir bar, housing, and a sea spider (for one of the pair; the other of the pair was identical but contained no sea spider). The chamber was then sealed with the glass disc and Plexiglas top, connected to the fibre optic cable from the optode electronics, and immersed into a water bath on one of the stir plates. The room was dark during respirometry runs. Oxygen levels in the chambers were recorded onto a computer at 1 Hz for 8 -24 h using FireSting recording software. Oxygen traces were analysed using scripts written in R (v. 3.0.2) [26] . Using the calibration values, raw sensor values were converted to oxygen concentrations, and the rates of oxygen consumption were estimated by multiplying the volume of the chamber by the difference between the slopes of the traces in the experimental and blank chambers, giving metabolic rate in mmol O 2 h 21 . Blank chambers had slopes near zero, indicating little exchange of oxygen between the water and the nylon of the chambers and little consumption of oxygen by microorganisms in the seawater.
(b) Morphological parameters
We measured sea spider body size by weighing and photographing each individual. Individuals were blotted dry and weighed using a microbalance (+0.001 g, AE163 Mettler-Toledo). Sea spiders were photographed (dorsal side) using a stereomicroscope fitted with a Nikon D7100 digital camera and microscope adapter. Individuals too large to be adequately viewed under a stereomicroscope were imaged with the Nikon camera attached to a tripod. Surface area measurements were made in imageJ (v1.49) [27] . Projected surface area for one side was multiplied by two to account for the dorsal and ventral sides. Leg span was also measured in imageJ from these images. Leg span was measured between the tips of the first pair of walking legs as described previously [28] . If one of the legs was damaged or missing, leg span was measured between the second pair of walking legs.
Cuticle thickness was measured on the femur of the second left leg of each individual or, if it was damaged or missing, on the second right leg. The leg was removed from the body and multiple thin sections (less than 1 mm, each) were made of the femur using a single-edge razor blade. Thin sections were cut after measuring
(c) Oxygen microelectrodes
In the following sections (Diffusion coefficients and Internal oxygen levels), oxygen levels were measured using Clark-style microelectrodes (50 or 100 mm glass tips; Unisense, Denmark) mounted on a micromanipulator. The electrode was connected to a picoammeter (PA2000; Unisense) and data were recorded once per second by a UI-2 interface (Sable Systems, Las Vegas, NV, USA) controlled by Expedata (v1.8.4; Sable Systems). At the beginning of a set of measurements, an electrode was calibrated at the measurement temperature (between 21.5 and 28C) using air-bubbled and N 2 -bubbled seawater held in a small, waterjacketed glass platform whose temperature was controlled by a recirculating water bath. Between each sea spider the electrode was re-calibrated in air-bubbled seawater.
(d) Diffusion coefficients
The functional diffusion coefficient of oxygen through cuticle reflects two separate diffusion processes: the movement of oxygen directly through the cuticle and the movement of oxygen through tissue-filled pores in the cuticle. Owing to the chitinous exoskeleton of sea spiders, the diffusion of oxygen through cuticle is probably very low, while the diffusion of oxygen through pores is probably very high, close to that of seawater. Therefore, the measured functional diffusion coefficients presented here reflect both processes and probably are dominated by diffusion via pores.
We estimated functional diffusion coefficients of oxygen in cuticle using step-change experiments in which oxygen levels inside legs were monitored as external PO 2 was altered [29] . Each measurement was conducted on a single femur from each individual and the step-change took place within the waterjacketed glass platform described above. First, an oxygen electrode was inserted into the centre of a sea spider femur. Once the oxygen electrode within the femur had stabilized, the air-saturated water around the femur was rapidly replaced by deoxygenated (N 2 -bubbled) water (generally within 5 s). The container was covered and N 2 gas was bubbled into the container after the step-change to prevent invasion of external O 2 . During the step-change, we measured how long it took the internal oxygen pressure to reach zero. This change in oxygen pressure over time was modelled by an analytic equation to estimate the diffusion coefficient of the cuticle [29, 30] . We included two layers in the model, the thickness of the cuticle and the radius of the haemocoel. Assumptions of the model included that the electrode was in the centre of the femur and not against the internal cuticle and there was no metabolic consumption of oxygen. The model also assumed that the fluid within the haemocoel was unmixed and that oxygen moved only by diffusion (with a diffusion coefficient identical to that in seawater). Individual runs often took less than 45 min.
To prevent oxygen consumption by leg sections, internal tissues were removed with forceps (in individuals .1 g) or killed using a brief ethanol treatment (in individuals ,1 g); additional tests showed that there was no difference in diffusion coefficients in sea spider legs before and after a 2-min treatment with 95% ethanol (t 7 ¼ 0.689, p ¼ 0.513). In either method, the interior space of the femur was fully filled with seawater before the step-change assay. In large sea spiders (more than 5 g), the femur was sealed from the open environment with Loctite marine epoxy (Henkel Corp., Dü sseldorf, Germany) on each end. In small sea spiders (less than 5 g), the oxygen electrode was inserted through the coxa and into the femur, creating a natural seal that prevented the free movement of seawater into the femur. In each case, the femur was held in place in a glass container containing seawater that was bubbled continuously with air.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171779 (e) Internal oxygen levels On each sea spider, oxygen levels were measured in the femur and in the ambient seawater in which it was contained. A single leg was cut off (underwater) across the second coxa of a living sea spider and the electrode tip was advanced through the third coxa and well into the femur. This process was done as quickly as possible (usually less than 1 min) to minimize changes in internal PO 2 occurring from tissue dead or changes in circulation; this time course is reasonable because metabolic rates are very low. During these measurements, which took several minutes to stabilize for each individual, the temperature of the water in the plastic container generally rose by 1-28C. The effects of these temperature changes on the electrode readings were offset by noting the local change (rise) in the measured oxygen level in the ambient seawater. Raw electrode readings were converted to oxygen concentrations using the calibration measurements.
(f ) Oxygen flux
After estimating the diffusion coefficient of the cuticle (D c ) and measuring the cuticle thickness (x), surface area (S) and oxygen Table 1 . Summary of OLS and PGLS regression analyses for A (surface area), x (cuticle thickness), D c (diffusion coefficient), DPO 2 (oxygen gradient), J (flux), MR (metabolic rate) and LS (leg span) versus body mass in sea spiders. 'N' represents number of species used in each analysis. 'a' represents the intercept and 'b' represents the scaling exponent. 'mtCO1' indicates PGLS using tree built with unconstrained topology, 'var. brlens' indicates PGLS using tree with variable branch lengths and 'equal brlens' indicates PGLS using same tree topology but with all branch lengths set to 1. Data are listed in electronic supplementary material, tables S1-S3. 
(g) Statistical analysis
To analyse scaling relationships, we log 10 -transformed the data and then fitted ordinary least square models (OLS) to each respiratory variable (surface area, cuticle thickness, diffusion coefficient, oxygen gradient, flux, oxygen consumption and leg span) versus body mass. For most species, we took the average measurements from 2 to 11 individuals, which varied within each species and measurement (electronic supplementary material, tables S1-S3). However, we had only one individual of Austropallene cornigera and Colossendeis australis. All statistical analyses were carried out in R (v. 3.3.0) [26] .
In comparative studies, closely related species tend to be similar because they share relatively recent common ancestry [31] . To account for this possibility, we conducted multiple phylogenetic general least square (PGLS) models using a tree built with mitochondrial cytochrome c oxidase (CO1) sequences collected from the samples used in this study. The tree was constructed using a maximum-likelihood approach in PAUP* (v4.0) [32] . The tree was constructed using the best model of molecular evolution selected by ModelTest (v3.7) [33] using Akaike information criteria. The best fit model was GTR þ I þ G. The tree was estimated using a heuristic search with the tree bisection reconnection algorithm for five replicate starting trees constructed by random sequence addition, and node robustness was estimated after 100 bootstrap replicates (electronic supplementary material, figure S2a). The topology of this tree was different from other published pycnogonid phylogenies [34] . Therefore, owing to limited taxonomic sampling in our dataset, we also created a second tree by constraining the topology at the family level to match the family topology of Arango & Wheeler [34] (electronic supplementary material, figure S2b). Their tree was built using six different table 1 for scaling coefficients, and the data used are listed in electronic supplementary material, tables S1-S3. *Pallenopsis patagonica appears to be an outlier and was not used in calculating the diffusion coefficient scaling relationship.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171779 nuclear or mitochondria genes and included 63 species of Pycnogonida from all extant families. After constraining the topology of the tree in this manner, the branch lengths were left to vary based on our CO1 data. Because of our low taxon sampling and the associated uncertainty in branch lengths of a single gene tree, we bracketed our hypotheses by comparing our data based on a star phylogeny (OLS), an unconstrained phylogeny built with our CO1 data (PGLS-mtCO1), a constrained phylogeny where branch lengths were free to vary based on our CO1 data (PGLS-var. brlens) and a constrained phylogeny using equal branch lengths (i.e. setting branch lengths to one) (PGLS-equal brlens) which accounts for branching patterns among taxa but not branch lengths [32] . Phylogenetic generalized least-squares models were conducted using all three types of phylogenetic trees using the R package 'ape' (v3.5) [35, 36] . In each case, we assumed a Brownian motion model of trait evolution [31] , which was the same model Gillooly et al. used on similar trait data [8] . As in the OLS model described above, we used log 10 -transformed data and took species averages to fit each PGLS model.
We tested for phylogenetic signal using Pagel's lambda [37, 38] . Estimates of lambda for the respiratory variables spanned from 0 (no phylogenetic signal) to 1 (strong phylogenetic signal). Loglikelihood tests showed that the lambdas for only two of the variables, cuticle thickness and flux, were significantly different from 0, but these two variables were not significant across all types of PGLS analyses (electronic supplementary material, table S4). After applying a Bonferroni correction to account for multiple comparisons within each variable (a ¼ 0.05/3 ¼ 0.017), however, no value of lambda differed significantly from 0. Clearly, these analyses for phylogenetic signal are limited by taxonomic sampling, which may prevent us from identifying a signal even if it is present. In general, studies with more than 20 sampled taxa can detect phylogenetic signals if they are present, whereas those with fewer than 20 sampled taxa have substantially less power [39] . On the basis of the lack of almost any detectable phylogenetic signal, only the OLS results were discussed.
Results and discussion
In vertebrates, surface area and barrier thickness alone constrain oxygen flux (electronic supplementary material, figure S1a) [8] . Here, our results (table 1, figure 2a-d ) indicate that surface area did not scale as high in Antarctic sea spiders as it does in vertebrates (0.63, figure 2a, and 0.89, respectively), but barrier thickness scaled higher in Antarctic sea spiders than in vertebrates (0.27, figure 2b, and 0.1, respectively) [8] . These differences probably result from the dual roles of the cuticle in both gas exchange and structural support. Furthermore, the combined scaling of surface area and cuticle thickness (i.e. 0.63 2 0.27 ¼ 0.36) does not scale high enough to meet the metabolic demands of sea spiders (0.8).
To offset this disparity, both the effective cuticular diffusion coefficient and the oxygen gradient scaled positively with body size (0.2, figure 2c, and 0.27, figure 2d, respectively) . The combined scaling of the diffusion coefficient, oxygen gradient, surface area, and barrier thickness give an estimate of flux scaling (i.e. 0.63 2 0.27 þ 0.2 þ 0.27 ¼ 0.83) that matches metabolic scaling very closely (0.8, figure 3) . In contrast to vertebrates, therefore, in sea spiders, which rely on cutaneous respiration, all components of Fick's Law (except for b, because it is governed by physical properties) increase with body size (electronic supplementary material, figure S1d).
Like the scaling coefficients, the intercepts of estimated fluxes (from the Fick analysis) and of metabolic rate were quite similar (23.71 and 23.96, respectively, with overlapping confidence intervals). This close match means that our measurements and analyses account for all of the major processes contributing to metabolic fluxes of oxygen.
Two of the four tunable variables of Fick's law (equation (1.3) ) cannot continue increasing indefinitely and so impose upper limits on body size: the cuticular diffusion coefficient (D c ) and the oxygen gradient across the cuticle (DPO 2 ). The cuticular diffusion coefficient rises with cuticular porosity, but it obviously cannot rise above some upper limit (e.g. 100% porosity would mean that the cuticle did not exist). Davenport et al. [23] calculated the porosity of one large Antarctic species (Decalopoda australis) to be about 35%. Here, as a conservative estimate, we estimated maximum porosity as 50%, which would give an effective diffusion coefficient of approximately half the diffusion coefficient of oxygen in seawater (5 Â 10 26 cm 2 s
21
), assuming that the material within the pores does not significantly slow rates of diffusion. Together with the remaining scaling coefficients (table 1), this value indicates that sea spiders would approach this limit at approximately 1400 g ( figure 4a ). The scaling of the oxygen gradient also imposes limits. Physically, internal PO 2 cannot go below 0 kPa (gradient of approx. 21 kPa). Projecting out to larger body sizes (table 1) shows that sea spiders hit this limit at approximately 300 g (figure 4b), which means that the oxygen gradient should limit large size substantially sooner than should cuticle porosity. The largest sea spider (Colossendeis colossea) ever reported had a leg span somewhat larger than 70 cm but no body mass was given [5] . Using our scaling coefficients for leg span (table 1), a 70 cm sea spider has a projected body size of approximately 300 g (electronic supplementary material, figure S3 ), right at the size limit predicted by the scaling of the oxygen gradient. This analysis suggests that evolving larger size would require evolutionary innovations in the mechanisms for obtaining and distributing oxygen. For example, other groups of large-bodied marine invertebrates, such as rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171779 other groups of large arthropods (e.g. crustaceans), evade respiratory constraints by using both respiratory pigments and strong heart-driven flows of haemolymph [9] . Sea spiders drive circulatory flows with both their hearts and guts [40] . In addition, they are known to transcribe the genes for respiratory pigments (i.e. haemocyanin) [41] , but no proteins have yet been detected in the haemolymph [42] .
An obvious alternative path to balancing the oxygen budget would be to have thinner or more porous cuticle. One outlier in our data suggests that one species has done so. Pallenopsis patagonica has very low porosity (figure 2c) but also very thin cuticle for its body size (figure 2b). Perhaps its ecology protects it from strong external forces. We often found this species clinging to hydroids rather than walking freely on the benthos. We hypothesize that there is a tradeoff between the ability of sea spiders to get oxygen and their ability to resist external forces. Extremely thin cuticle may buckle as the animal walks around, while cuticle constructed of more than half pores may collapse due to external forces. Alternatively, Colossendeis spp. have proportionally thick and porous cuticle for their body sizes ( figure 2b,c) . Individuals of these species were often found freely moving along the benthos, actively foraging. To quantify this trade-off, future studies should measure the mechanical strength of the cuticle with different levels of porosity. For example, some deep-sea species also grow to large sizes [5] but live in an environment with proportionately less oxygen. These species may also experience lower external forces (such as strong currents), which may allow them to evolve relatively thin, porous cuticles without risking breakage.
Body size profoundly alters both the demand of organisms for oxygen and the challenges and possible evolutionary solutions to obtaining it. Gillooly et al. [8] showed, in vertebrates, that changes in respiratory surface area and thickness alone are sufficient to balance the oxygen budget across body sizes. Our study, of sea spiders, provides a strikingly different picture: changes in body size lead to the simultaneous coadjustment of four of the underlying Fick variables, not just surface area and cuticular thickness. Our result suggests that the evolutionary opportunities available to, and constraints operating on, respiratory systems across body sizes change in important ways among groups with different fundamental body plans. Moreover, alternative evolutionary trajectories among different high-level taxonomic groups (classes, phyla) probably play important roles in generating different upper limits to body size among groups.
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